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By Maurice J. Brevoort and Bernard Rashis
SMMARY

Turbulent-heat-transfer measurements were obtained through the use
of an axislly symmetric anmnmular nozzle which consists of an inner, shaped
center body and an outer cylindricsl sleeve. Measurements teken along
the outer sleeve gave essentially flat-plate results that are free from
wall interference and corner effects for & Mach number of 1.62 and for

& Reynolds number range of 7.22 x 107 to 1.20 x 108, The heat-transfer
coefficients are in good agreement with theoretical results for a Mach
number of 1.60 and for a ratio of immer-surface to free-stream temper-
ature of 1.60. The temperature-recovery factors are on the average
1.5 percent lower than the factors obtained for a Mach number of 2.k.

INTRODUCTION

The design of supersonic alrcraft and missiles requires engineering
Information about heat-transfer coefficients and temperature-recovery
factors for supersonic speeds that extend over & wide range of Reynolds
nurber, In references 1 and 2, local turbulent-hest-transfer measurements
were presented for Mach nmumbers of 3.03 and 2.06, respectively.

The purpose of this investigation is to extend the work of refer-
ences 1 and 2, with the same type of epparstus and method of reducing
the data, to a Mach number of 1.62. The range of Reynolds number for

which messurements were cbteined is from 7.22 x 10° to 1.20 x 108. The
results cover e tempersture difference of approximately 10° at 40 seconds
after starting to approximastely 1° at 200 seconds after starting. The
average value of the ratio of inner-surface temperature to free-stream

temperature T, /T, was 1.60.
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SYMBOLS

specific heat of sleeve material, Btu/1b-°R

speclfic heat of air at constant pressure, Btu/lb-QR

acceleration due to gravity, f£t/sec?
heat~transfer coefficient, Btu/ft2-sec-°R
heat conductivity, Btu/ft-sec-CR

Mach number

Nusselt number, bx/k

Prandtl number, pcpg/k

Reynolds mumber, oVx/u

Stenton number, Nu/R Pr = h/qupg

average wall temperature, R

effective stream alr temperature at wall; some temperature which
gives thermsl potentlal which 1s independent of heat~transfer

coefficient h, °R

stagnation temperature, °R

inside-surface temperature of nozzle sleeve, °R

free-stream temperature, °R
time, sec

free-stream veloclty, ft/sec

specific weight of sleeve material, Ib/sq higr

longitudinal distance along sleeve, £t (unless indicated

otherwise)

Te "Tm

recovery factor,
Ty - Ty

NACA TN 3461
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i dynemic viscosity coefficient, lb-sec/sq £t

p free-streem density of air, slugs/cu ft
APPARATUS AND METHOD

The apparatus consisted of an axially symmetric annular nozzle
which was directly connected to the settling chamber of one of the cold-
air blowdown Jjets of the Langley gas dynamics lgboratory. The nozzle
had a shaped wooden center body and two outer sleeves. One sleeve was
constructed of 8-inch-diameter, extra heavy, seamless carbon-steel pipe,
and the other was constructed of 1/16-inch stainless steel which was
rolled into & cylinder and welded; both cylinders were surface-machined
inside and outside to wall thicknesses of 0.388 inch and 0,060 inch,
respectively. The coordinates of the Inner body are given in table I.

A detailed drawing of the apparatus is shown in figure 1 which
gives the location of the thermocouples and static-pressure orifices.
Details of the thermocouples, the static-pressure-orifice installations,
the temperature-recording equipment, and the precision of instrumentation
are given in references 1 and 2,

The Mach number distribution is shown in figure 2. The alinement
of the flow was checked at several stabions by means of orifices located
ground the sleeve. The locabtion of these measurements is shown in
figure 2. :

The test procedure is given in references 1 and 2. For this inves-
tigation test runs were made for settling-chanber pressures of 0.4, 57,
and 196 Ib/sq in, gage. The test at a pressure of 0.4 lb/sq in. gage
was made with & sleeve 0.060 inch thick, and the test setup was evacuated
to0 an gbsolute pressure of 1.0 inch of mercury. Excluding the first
20 seconds, the pressures were maintained constent for each test run.

The stagnation temperature started at essentially room temperature and
decreased as the piping was cooled, as illustrated in figure 3 where
stagnation temperature is plotted against time for a settling-chamber
pressure of 196 1b/sq in. gege. The wall temperature also started at
essentially room temperature and tended to gpproasch the equilibrium
temperature which was approximately 220 R below stagnation temperature.
Thig variation is shown in figure 4 where wall temperature at stations 12
and 18 is plotted against time for a settling-chamber pressure of

196 1b/sq in. gage.

In figure 5 are plotted, for various times during the test run, the
values of wall temperature against longltudinal distence along the
cylinder. These values were used to determine the rate of change of



) NACA TN 3461

a2Tgy
along the cylinder., Test results

dxe 421
were taken only for the length of the cylinder for which k —E;%! = 0,

the longitudinal conduction k

REDUCTION OF DATA

The method of reducing the dats 1s completely described in refer-
ences 1 and 2. Brilefly, the equations used are

_h
St = oo (1)

aT __/dt
h = we —2¥ (2)

Ty - Te

Ty - T

LR s (3)

The method consists simply of selectlng a recovery factor and then
obtaining Te from equation (3). This value of Te is substituted into
equation (2) and values of h for different heat-flow ratios are obtained.

These values of h are then substituted into equation (l). The true
velues of T, Ny and St are obtained when St 1s constant with time

(for different heat-flow ratiocs). Figure 6 shows the values used in
determining the Stanton number and recovery factor gt station 12 for a
settling-chamber pressure of 196 Ib/sq in. gage.

The velues of specific heat and specific weight of the sleeve mate-
rial were teken from reference 3. The values of Prendtl number (0.T71)
and viscosity of alr were also tsken from reference 3 and were based
upon T,,. The value of T, used was the value measured 80 seconds

after starting.
RESULTS AND DISCUSSION

Over the test range (see fig. 5), the wall temperatures are constent
along x. In the relstion

dTqy/dt

= WC
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w and c are constant, and 4T, /dt 1s constent because T, 1s con~-

stant., Therefore, if there is to be a varistion of h with Reynolds
number or x, T, must vary with x. The value of T, obtained for

the test at a settling-chamber pressure of 196 lb/sq in. gage, evaluated
80 seconds. after starting, actually decreases about 1°.

Figure T shows the variation of local Nusselt nmumber with local
Reynolds number. The value of x used in evaluatling these numbers has
been sdjusted for x = O locations (the effective beginning of the tur-
bulent boundsry layer) by the method of references 1 and 2. The x =0
locations are 4.0 and 1.0 inches downstream of the minimum station for
settling-chamber pressures of 0.4 and 57 Ib/sq in. gage, respectlvely,
and at the minimum statlon for the settling-chamber pressure of

196 1b/sq in. gage.

The Nusselt numbers were found to vary from 840 to 56,650 for the
Reynolds number range of T.22 X 102 to 1.20 X 10 (based on adjusted
X =0 locations.) For comparison the curve based upon the Van Driest
analysis (ref. 4) 1s shown. For the Ven Driest amalysis, T /T, was

considered to be 1.60 (the average value of the test results presented
herein).

The dats were computed by uslng free-stream temperature to determine
the density and velocity. The wall temperature was used to determine the
viscoslity and the Prandtl number. The agreement between the test results
and the theory is good. :

Figure 8 shows the variation of local temperature-recovery factor
with local Reynolds mumber. The varlation is from 0.880 at T.22 x 109
to 0.868 at 1.20 x 108. The results are compared wlth a curve which
represents the fairing of the dats of reference 5 for a Mach number
of 2.4. The results obtained in this investigation are on the average
1.5 percent lower than the dsba of reference 5. Also included for com-

parison are the curves for the recovery factor equal to Prl/3 and Prl/z.
The wall tempersture was used to determine the Prandtl number.
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CONCLUDING REMARKS

Turbulent-heat~transfer measurements that gave essentially flat-
plate results were obtained for a Mach number of 1.62 and for a Reynolds
pumber renge of T.22 X 102 to 1.20 X 108. The Nusselt numbers agree with
theoretical results. The temperature-recovery factors are on the aver-
age 1.5 percent lower than other available data for a Mach number of 2.k.

Langley Aeronsutical laborstory,
National Advisory Committee for Aeronsutics,
langley Field, Va., March 21, 1955.
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TABLE I.~- CENTER-BODY COORDINATES

X, in, |Radius, in.| | x, in. | Radius, in, X, in. | Radius, in,
-10.00 2.000 0.40 34249 2.10 3.2955
~4.70 2.000 .50 3.4190 2.20 3.2920
-1.50 2.020 .60 34122 2.30 3.2801
-l.00 2.100 .70 3.4045 2.40 3.2868
-3.00 2.500 .80 . 3.3961 2.50 3.2851
~2.50 2.735 .90 3.3871L 2.60 3.28%9
-2.00 2.970 1.00 3.3T76 2.70 3.2831
-1.50 3,150 1,10 3.3680 2.80 3.2827
-1.00 3.300 1.20 3.3584 2.90 3.2825
-.80 3.340 1.30 3.3491 5.00 3.2720
-.60 3.375 1.40 3.3402 10.00 3.2470
-.%0 3.400 1.50 33317 15.00 3.2220
-.20 3425 1.60 3.3238 20.00 3.1970
o] 34375 1.70 3.3167 25,00 3.1720
.10 34364 1.8 3.3103 30,00 3,1470
.20 3.4337 1.90 3.3047 35.00 %.1220
.30 3.4298 2.00 3.2997 38.625 3.1059
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Figure 2.~ Mach number distribution for settling-chember pressure of
196 1b/sq in. gege.

Y

Tohe NI, VOYN



530 “ —
2: |"
“520 Qf's-
= G P
a: o
E Onpy "-————B"to fairing ring
g 510 ""—H
C
€ )
2 . R fana™ S S
& 500 O Lower stagnaticn thermocouple Hru“ﬂ)-n_.;.ﬂn _
. oeoh

£ o Upper stagnation thermocouple Oﬂ"oﬁﬂ:—oﬁ
&
2
wn

4905 56— 26 60 B0 W0 120 @0 B0 180 200 220 240 260 280 300

Time, 1, st

Figure 3.~ Variation of stagnetion temperature with time for gettling-
chember pressure of 196 1b/sq in. gage.

0T

Tohe NI YOWN



530 e
520 =
o]

1510 Station
° Q

- o |2

[ o 18

500 O

3 o

o J

b o

g 490 <

8 © |m

= «® E‘b 0o o

O o |po bo
(= e 'x o]

4705 20 ~ 40 60 80 60 120 140 160 180 200 220 240 360 280 300

Time, t, sec

e . I S _as . _a __m b R T n L. L -
FLgUTe 4e.— VEIrLALLIOD OI wWall Lemperature witn Time IOor setTllng-cihamber

pressure of 196 lb/sq_ in. gege.

ToHS NI YOVN

I



Sl

530
-Start of test region Time,
sec
o 40
520&: 8 a0
& 120
ns ’ .
o jl«——Station 12
-Di()m
2
N 9 D Q ¢ g d G o G
§500P ] ] b
3
a)-
£
2990 [T #ﬁ ; p 1] q o ] ) 9 ]
E P ¢ 'S $ ¢ $ ﬁ' <4
% 2 4 6 8 T 14 16 18 20 22 24 26 28 3

2
—
Distance, x, In,

Figure 5.~ Variation of wall temperature with longitudinal distance for
settling-chamber pressure of 196 1b/sq in. gage.
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